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The nuclear pore complex (NPC) regulates the bidirectional movement of cell components across 
the nuclear envelope. In this issue, D’Angelo et al. (2009) demonstrate that the NPC loses essential 
protein subunits as cells age, resulting in increased nuclear permeability and potentially contrib-
uting to organismal aging.The compartmentalization of genetic infor-
mation within a membrane-bound organ-
elle—the nucleus—is a defining feature of 
higher organisms. This strategy for cellu-
lar organization uncouples the processes 
of transcription and translation, enabling 
eukaryotes to deploy mechanisms of 
posttranscriptional gene regulation that 
are absent in prokaryotes. Trafficking of 
large molecules between the nucleus and 
cytoplasm is governed by the nuclear pore 
complexes (NPCs), which span the double 
lipid bilayer of the nuclear envelope. NPCs 
and their protein components (nucleo-
porins) have been implicated in cellular 
processes that appear unrelated to their 
primary function in transport. In particular, 
nucleoporins have been found to contrib-
ute to the regulation of gene expression, 
cell-cycle progression, maintenance of 
nuclear envelope integrity, and chromo-
some segregation (reviewed by D’Angelo 
and Hetzer, 2006). In light of these diverse 
roles, it is perhaps not surprising that 
nuclear pore dysfunction or mutations in 
nucleoporins have been associated with 
a number of human diseases, including 
certain forms of cancer and an inherited 
form of atrial fibrillation, a cardiac disorder 
that can lead to early death (Zhang et al., 
2008). In this issue, provocative new work 
by D’Angelo et al. (2009) further expands 
our understanding of the NPC by uncover-
ing a link between NPC function and the 
process of aging.
Nuclear pores, first reported in 1950 
(Callan and Tomlin, 1950), are a ubiquitous 
feature of eukaryotic nuclear envelopes. 
These massive complexes are present in 
several thousand copies in vertebrate cells 
and allow the passive diffusion of small molecules of up to 40 kilodaltons (kDa) 
(Figure 1). The movement of larger mol-
ecules across the nuclear pore requires 
signal-mediated interactions between the 
molecular cargoes and transport proteins 
(karyopherins). Proteomic analysis has 
revealed that NPCs are composed of at 
least 30–50 different nucleoporins that 
assemble in an ordered fashion to form 
a structure with 8-fold symmetry. Some 
of these nucleoporins act as “scaffolds.” 
A subset of these scaffold nucleoporins 
are transmembrane proteins that anchor 
the nuclear pores within the membrane. 
Peripheral nucleoporins assemble on 
these scaffolds to establish the permeabil-
ity barrier in the pore. Whereas peripheral 
nucleoporins are dynamically exchanged 
between NPCs throughout the cell cycle, 
the scaffold proteins are thought to reor-
ganize only during M phase and indeed 
may not fully disassemble even during 
mitosis. NPCs are also known to contain a 
subset of unusually stable proteins, as evi-
denced by their extremely slow turnover in 
mammalian cells (Daigle et al., 2001; Rabut 
Figure 1. NPC Function Declines with Age
Nuclear pore complexes (NPCs) mediate the movement of molecules across the nuclear envelope and 
establish a permeability barrier. This barrier blocks the passive diffusion of molecules >40 kilodaltons 
(kDa) in size. To enter or exit the nucleus, these cargo molecules require association with transport pro-
teins to pass through the nuclear pore (left). Protein subunits (nucleoporins) that constitute the scaffold 
of the NPC do not turn over and remain stably assembled for long periods of time in postmitotic cells. As 
some cells age (right), their nuclei become “leaky” and exhibit a loss of the permeability barrier. This is 
likely due to the selective depletion of certain nucleoporins such as Nup93 from the NPC, perhaps as a 
result of oxidative damage to proteins in aging cells.Cell 136, January 23, 2009 ©2009 Elsevier Inc. 211
et al., 2004). Through their investigations of 
the causes and consequences of this slow 
NPC protein turnover, D’Angelo and col-
leagues uncover intriguing relationships 
between NPC function and aging.
The authors initially compared the 
expression and incorporation of nucleo-
porins between mitotically active and post-
mitotic cells in two experimental systems: 
the nematode Caenorhabditis elegans, 
which completes mitosis in all somatic 
cells prior to reaching adulthood, and cul-
tured mouse myoblast cells, which can be 
triggered to differentiate into postmitotic 
myotubes. Consistent with previous work, 
D’Angelo et al. observe that peripheral 
nucleoporins show appreciable turnover in 
nondividing cells, indicating that they are 
continually incorporated into and dissoci-
ated from NPCs. In contrast, fluorescently 
labeled scaffold nucleoporins can only 
assemble into NPCs in actively dividing 
cells. In addition, in the nematode and in 
cultured mammalian cells, the transcrip-
tion of scaffold nucleoporin genes is mark-
edly downregulated in cells once they exit 
the mitotic cycle. Taken together, these 
observations indicate that the expres-
sion of nucleoporins and their assembly 
into NPCs are both tightly coupled to cell 
 division.
These findings suggest that differenti-
ated cells must rely on the NPCs assem-
bled before they exited the mitotic cycle 
for the entirety of their lifetime. If scaffold 
nucleoporins do not exchange over time in 
postmitotic cells, they should be extremely 
stable, as some cells (notably human neu-
rons) survive in a postmitotic state for many 
years. Indeed, D’Angelo and colleagues 
find through pulse-chase experiments that 
a scaffold nucleoporin protein undergoes 
minimal degradation over a period of sev-
eral weeks, whereas peripheral nucleo-
porins exhibit much shorter half-lives. 
Given this long persistence of NPC core 
components in postmitotic cells, D’Angelo 
et al. wondered whether over time NPCs 
might lose their ability to block passive dif-
fusion of molecules greater than 40 kDa, 
resulting in increased nuclear permeability. 
To test this, the authors assayed the abil-
ity of young and aging cell nuclei to block 
the entry by diffusion of large carbohydrate 
molecules (dextrans) that lack nuclear 
localization signals. Fluorescently labeled 
dextrans of defined sizes were incubated 
with intact nuclei isolated from nematodes 212 Cell 136, January 23, 2009 ©2009 Elsevor the brains of rats. Alternatively, they were 
injected into the cytoplasm of intact cells 
in living C. elegans. Remarkably, whereas 
nuclei from younger worms effectively 
exclude 70 kDa dextran molecules, many 
nuclei of older worms are leaky, allowing 
the 70 kDa dextran to enter. This phenom-
enon is also observed in nuclei isolated 
from the postmitotic cortex of rat brains: 
neuronal cell nuclei isolated from older rats 
show greater permeability to dextran than 
those from younger animals. Consistent 
with increased membrane permeability in 
the older nuclei, filamentous aggregates 
of tubulin βIII, a protein that is normally 
found only in the cytoplasm, are observed 
in many neuronal cell nuclei of older rats. 
Moreover, nuclear morphology is markedly 
disrupted in these cells, perhaps as a direct 
consequence of the tubulin aggregates.
How might this apparent age-related 
decline in NPC function arise? D'Angelo et 
al. show by immunolocalization that some 
nucleoporins, particularly Nup93, are 
selectively depleted from nuclear pores 
in older cells. As Nup93 is known to be 
important for establishing the permeability 
barrier at the nuclear pore, its disappear-
ance suggests a possible mechanism for 
the deterioration of this barrier. But how 
does aging lead to the loss of specific 
nucleoporins from the NPCs? One fea-
ture of aging cells is the accumulation of 
molecular damage to nucleic acids, lipids, 
and proteins due to the action of reactive 
oxygen species. Oxidative damage results 
in the appearance of experimentally 
detectable carbonyl groups on damaged 
proteins. D'Angelo et al. find that a subset 
of nucleoporins, including Nup93, are car-
bonylated in older nuclei, suggesting that 
oxidative damage may lead to the loss of 
components from the NPCs. The authors 
speculate that other nucleoporins, includ-
ing Nup107, which do not show evidence 
of oxidative damage, might be protected 
from reactive oxygen species due to their 
buried position within the NPC. Con-
versely, other proteins with a more periph-
eral position might be more vulnerable to 
chemical insults.
The authors find further evidence for a 
causative role of oxidative damage in the 
age-associated loss of the nuclear per-
meability barrier by exposing nematodes 
to the herbicidal agent paraquat, which 
strongly induces production of reactive 
oxygen species. Paraquat-treated nema-ier Inc.todes exhibit increased nuclear perme-
ability at a younger age than untreated 
nematodes. Conversely, C. elegans 
depleted of the daf-2 gene that live longer 
and better tolerate oxidative stress exhibit 
the leaky nuclei phenotype later than 
wild-type nematodes. Although it is highly 
unlikely that aging in either nematodes 
or mammals is only the consequence of 
accumulated damage to NPCs, D’Angelo 
et al. offer some evidence that loss of NPC 
function may contribute to a reduction in 
longevity. They show that downregulation 
of the more dynamic peripheral nucleo-
porins by RNA interference reduces C. 
elegans life span, suggesting that NPC 
function requires continual replacement of 
these components.
This study presents compelling evi-
dence for a deterioration of the nuclear 
permeability barrier as animal cells age 
(Figure 1). Defective NPC function would 
likely result in inappropriate localization 
of a large array of nuclear and cytoplas-
mic components, potentially wreaking 
havoc on cell structure and function. 
Accordingly, this study raises a number 
of intriguing questions about the con-
sequences of leaky nuclear pores on 
cellular and organismal physiology. Fur-
thermore, in light of the regulatory roles 
of NPCs in gene expression, cell prolif-
eration, and other critical cellular pro-
cesses, it will be important to determine 
how these functions might be impacted 
by age-dependent damage to pore pro-
teins. A major unanswered question is 
whether and how the degradation of 
these diverse nuclear pore functions 
might lead to the physiological effects 
of aging, such as metabolic changes, 
organ dysfunction, and dementia.
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